We have performed a fully relativistic first-principles density functional calculation examining the surface state of bismuth (Bi) (111) multi-layer nanofilm, with up to 20 Bi bilayers, and investigated the Rashba effect and spin texture on the Bi surfaces. We have revealed a giant out-of-plane spin states on the Fermi lines, and the maximum value of the out-of-plane spin component being approximately 40% of the magnitude of the total spin. We have also evaluated the Rashba parameter αR ≃ 1.9eV·Å using the surface state bands which is buried in the bulk state, at -0.32 eV below the Fermi energy.
INTRODUCTION
Understanding the transport properties of bismuth(Bi) has long been a major aim in the field of condensed matter physics. The anomalous transport properties occur in this material, originating from its semimetallic electronic structures [1] , in which electron and hole carriers coexist. In addition, the Bi atom has a strong spin-orbit interaction(SOI) originating from its high atomic number(83). Therefore, it is expected that various relativistic effects apply, such as the Rashba effect [2] , the quantum spin Hall effect [3] , and conversion between the spin and charge currents [4] .
Bi films are expected to be suitable for device application [5] as it has been shown that flat thin films can be grown on a Si (111) surface. In this case, the surface state differs strongly from the bulk state; that is the surface density of states is significantly larger than that of the bulk states [6] . As a result of the strong SOI within the electronic structures, spintronic applications are expected.
Recent angle-resolved photo-emission spectroscopy (ARPES) experiments [7] have revealed the novel spin textures of the surface states of Bi thin films. The conventional Rashba (in-plane) spin texture and a giant outof-spin component are detected. The spin texture has been analyzed using the tight-binding model [8] ; quantitative analysis of the spin textures based on the firstprinciples calculations has not been conducted.
In this paper, we conduct a theoretical quantitative investigation of the surface states of Bi (111) multi-layer nanofilm based on the Fermi lines. Using fully relativistic first-principles density functional calculations, we perform quantitative analysis for the surface localized spin vortexes on the Fermi lines of the Bi thin film. Our calculation supports the experimentally observed large out-of-plane spin component. Further, we find that the Rashba parameter α R of these bands is large (approximately 1.9 ± 0.1 eV).
THEORETICAL METHOD
Using the OpenMX code [9] , we perform fully relativistic first-principles calculations based on density functional theory (DFT) within the generalized gradient approximation (GGA) [10] . In our study, wavefunctions are expressed as a linear combination of multiple pseudo atomic orbitals (LCPAO) generated by a confinement scheme [11] [12] [13] .
We deduce the spin polarization in the reciprocal lattice vector k from the spin density matrix. The spin density matrices P σσ ′ (k, µ) are calculated using the spinor Bloch wavefunction, the component of which is given by ψ σ µ (r, k), which is obtained from the OpenMX calculations, where σ is the spin index (↑ or ↓) and µ is the band index. Thus,
where S ij is the overlap integral of the i-th and j-th localized orbitals and c σµj is expansion coefficient. R n is the n-th lattice vector. We evaluated spin vector component (P x , P y , P z ) from density matrices.
We perform first-principles calculations of 20-bilayer Bi (111) film (Fig. 1) . The length of the in-plane unit vector a is 4.53Å, and the thickness of the film is 76.5 A. Further, each bilayer forms a honeycomb lattice and has 1.6Å-buckling. We confirm that the Fermi lines are insensitive to the thickness when more than 13 bilayer films are used.
In the 20-bilayer slab calculation, the interaction between the two surfaces is expected to be very weak and can be neglected. As the slab has inversion symmetry, the Kramers degenerate bands appear. Because of the weak interaction between two surfaces, unitary transformation of the two bands generates to wavefunctions that are localized at each surface. By analyzing the wavefunctions, we can obtain information on the surface states.
BAND STRUCTURE AND SURFACE STATES
Figure 2(a) shows the band structure of the 20-bilayer Bi (111) thin film. The surface localization ratio is represented by the circle radius proportional to the number of electrons within the surface-1bilayer. Near the Fermi level E F along theM-Γ line, two surface-localized bands appear. The surface bands are connected to the bulk-like bands around theΓ point near the E F , at which states the bands have small amplitude on the surface layer. The bulk-like bands originate from the hole pocket at the T point in the bulk structure Bi
On the other hand, as shown in fig. 2(b) , the surface localized states at theΓ point are buried in the bulk-like state in the region of E -E F = -0.32 eV, where E is band energy. More than 50% of these states are localized in the surface 1-bilayer. These bands cross at theΓ point, and the energy contours form circular shape. In addition, the spin texture indicated by these bands corresponds to a typical in-plane spin vortex. These features appear to conform to a typical Rashba band. We estimate the Rashba parameter α R from the gradient of these bands. The estimated α R is 1.9 ± 0.1 eV·Å, which is very large and is of the same order as the value obtained for other bismuth compounds (e.g., BiTeI has α R = 3.8eV·Å [14] ).
FERMI LINES AND SURFACE LOCALIZATION
Figure 3(a) shows the Fermi lines of a freestanding 20-bilayer Bi (111) film. There are two electron pockets (S 1 and S 3 ) and one hole pocket (S 2 ). S 1 , S 2 , and S 3 have hexagonal, elliptical, and needle-like shapes, respectively. These features are consistent with those observed in previous studies based on ARPES experiment [6, 7] .
To perform quantitative analysis of the Fermi lines, we estimate the area of each pocket and compare the results with the ARPES-derived experimental values [15] . The calculated areas of the S 1 , S 2 and S 3 pockets are Next, in order to investigate the surface localization states, we calculate the Mulliken population from the LCPAO parameter. In the S 1 and S 2 pockets, more than 60% of the wave functions components are in the surface 1-bilayer and more than 90% of the components are in the surface 2-bilayer (Fig. 3(b)-(c) ). The electron density derived from the S 3 pocket is more delocalized than those for the S 1 and S 2 pockets, and only 30% of the wavefunction components are in the surface 1-bilayer (Fig. 3(d) ). The surface localization of each pocket corresponds to the intensities obtained from the ARPES experiments; therefore S 1 and S 2 pockets are expected to have strong intensity, while the S 3 pockets are expected to have weak intensity. This is consistent with the ARPES experiments [15] . The difference in localization for each of the Fermi lines originates from the direct band gap of bulk Bi. The direct energy gaps in the bulk Bi are 0.26 eV and 0.11eV at the T and L points (Fig.1  (c)) , respectively, where the T and the L points of the bulk Bi correspond to theΓ andM points of the Bi film, respectively. The small direct energy gap may cause the surface delocalization at theM point. 
SURFACE-PROJECTED SPIN TEXTURE IN MOMENTUM SPACE
Next, we discuss whether the spin textures on the Fermi lines are typical in-plane Rashba-type spin or nonRashba-type spin vortices including a giant out-of-plane spin component. Figures 4(a) -(c) show the Fermi lines and surfacelocalized spin texture (in-plane spin component P // , out-of-plane spin component P ⊥ ) projected onto surface 1-bilayer. The vector length shows the magnitude of P // , whereas that of P ⊥ is expressed by the color bar. In S 1 pocket, P // has clockwise vortex and P ⊥ has 2π/3 rotational periodicity. The magnitude of P k ⊥ has the maximum value atΓ −K line and minimum value 0 at theΓ −M line. The maximum magnitude of the P k ⊥ is 40% of the spin vector. These features are in reasonably good agreement with the result of ARPES experiment [7] and can be explained via group theoretical analysis.
The obtained spin textures in momentum space depend on the symmetry group. The first-order spin Hamiltonian over the wave vector is expressed as H = i,j α ij k i σ j , where k i is the i-th component of the wave vector and σ j is the Pauli-matrix. i (j) runs over x and y (x, y, and z). The spin Hamiltonian satisfies the following expression via effective symmetric operation :R −1 HR = H. TheΓ point has C 3v symmetry. (if we consider the two surfaces, the symmetry is D 3d .) The in-plane spin texture in the Bi surface can be explained by the first-order term of the spin Hamiltonian, [16] . On the other hand, the outof-plane spin component is not explained by the firstorder term, but is instead explained by the third-order term of Hamiltonian, expressed as [17] . The out-of-plane spin components on theΓM line are zero, because it is on the k x -k z plane(k y =0). In the Bi surface, third-order is very important, and this feature is similar to the result of a our previous study on the Bi 1-bilayer [18] .
The first-order term of the spin Hamiltonian on theΓM line is expressed as HΓM = α 1 k x σ y + α 2 k y σ x + α 3 k y σ z . Therefore, the S 2 and S 3 pockets are consistent with this spin Hamiltonian. The origin of out-of-plane spin component is different from S 1 pocket.
More detail information of spin textures is provided in supplementary [19] .
SUMMARY
We performed fully-relativistic first-principles density functional calculations of the surface state of the Bi (111) multi-layer nanofilm. We investigated the surfacelocalized spin texture of the 20-bilayer Bi nanofilm, and we focused on the giant out-of-plane spin.The maximum magnitude of the P k ⊥ is 40% of the spin vector. In addition, we revealed the surface-localized typical Rashba spin-split state, which is buried in the bulk states. The Rashba parameter α R ≃ 1.9±0.1eV·Å was evaluated using these surface state bands.
When this work was almost completed, a recent paper [8] regarding the tight-binding calculation of spin split states in Bi thin film come to our attention. The out-of-plane spin and the differences in the localization of the Fermi lines reported in that study are qualitatively consistent with our first-principles results.
